Abstract A new process of low-temperature methanol synthesis from CO/CO 2 /H 2 based on dual-catalysis has been developed. Some alcohols, especially 2-alcohol, were found to have high catalytic promoting effect on the synthesis of methanol from CO hydrogenation. At 443 K and 5 MPa, the synthesis of methanol could process high effectively, resulting from the synergic catalysis of Cu/ZnO solid catalyst and 2-alcohol solvent catalyst. The primary results showed that when 2-butanol was used as reaction solvent, the one-pass average yield and the selectivity of methanol, in 40 h continuous reaction at temperature as low as 443 K and 5 MPa, were high up to 46.51% and 98.94% respectively. The catalytic activity was stable and the reaction temperature was 80 K or so lower than that in current industry synthesis process. This new process hopefully will become a practical method for methanol synthesis at low temperature.
Methanol is a versatile chemical and green fuel, being produced industrially by about 30 million tons per year around the world, at the temperature of 493-523 K and pressure of 5-10 MPa, using copper-zinc-based oxide catalyst. However, the efficiency of methanol synthesis is severely limited by thermodynamics because methanol synthesis is an extremely exothermic reaction (ΔH = −91 kJ/mol). For example, at 573 K and 5 MPa, theoretic maximum CO conversion is around 20%. Therefore, developing a low-temperature process for methanol synthesis will greatly reduce the production cost and utilize the thermodynamic advantage at low temperature.
BNL method realized this synthesis at 373-403 K and 1-5 MPa using very strong base catalyst (NaH or a mixture of nickel acetate, t-amyl alcohol and sodium hydrid) [1] . However, a remarkable drawback of this process is that trace amount of carbon dioxide or water in the feed gas or reaction system will deactivate the catalyst soon, which implies high cost coming from the complete purification of the syngas from reformer, and reactivation of the deactivated catalyst.
Methanol synthesis from pure CO and H 2 via the formation of methyl formate has been widely studied, where carbonylation of methanol and hydrogenation of methyl formate were considered as two main steps of the reaction [2] . 
CO + 2H 2 = CH 3 OH However, similar to the BNL method, in this process CO 2 and H 2 O act as poisons to the catalyst (RONa) and must be completely removed from syngas, making commercialization of low-temperature methanol synthesis impossible.
It is well known that for methanol synthesis from CO/CO 2 /H 2 over supported copper-based catalysts formate was the key intermediate, which was further hydrogenated to produce methanol [3] . The hydrogenolysis of formate has two ways: direct hydrogenolysis and indirect one. In the former, HCOO was hydrogenated one by one to form H 2 COO, H 3 COO and H 3 COH in sequence. In the later, HCOO reacted at first with product methanol to give HCOOCH 3 on the support of catalyst and then HCOOCH 3 migrates onto copper surface to undergo hydrogenolysis to methanol. Basic support promotes the formation of HCOOCH 3 [2] : HCOO(a) + CH 3 OH = HCOOCH 3 + OH(a) HCOOCH 3 + 4H(a) = 2CH 3 OH Obviously, when other alcohol (ROH) is used instead of CH 3 OH, methanol can be also produced through the following two reactions:
HCOO (a) + ROH = HCOOR + OH (a) HCOOR + 4H (a) = CH 3 OH + ROH Herein ROH was called "catalytic solvent" because it not only was reaction medium but also participated in the reaction of methanol synthesis catalytically.
Fan et al. [4] investigated the synthesis of methanol from CO 2 /H 2 firstly, using ethanol as reaction medium in a batch reactor and found high activity and selectivity for methanol at 443 K. Recently, we developed a new route of methanol synthesis from CO/CO 2 /H 2 at 443 K, basing on the dual-catalysis idea, and the overall reaction process was suggested as follows: CO + H 2 O = CO 2 + H 2 CO 2 + 1/2H 2 + Cu = HCOOCu HCOOCu + ROH = HCOOR + CuOH HCOOR + 2H 2 = ROH + CH 3 OH CuOH + 1/2H 2 = H 2 O + Cu -------------------------------------CO + 2H 2 = CH 3 OH where Cu stands for active site, ROH is catalytic solvent, and both CO 2 and H 2 O are not only reactants but also products, transformed in cycle. Cu/ZnO are stable to CO 2 and H 2 O under reaction conditions.
